Photochemical isomerization of trans-azobenzene to ds-isomer, and its inverse cis-trans isomerization were investigated for the purpose of constructing a thermal energy storage system by conversion of solar light energy.
Introduction
Both collection and chemical conversion of solar energy can be achieved by using one kind of material, if an adequate photochemical reaction is found which utilizes a commonmaterial. Photochemical isomerization will enable us to store heat optionally at ambient temperature.
Photoisomerization of /nms-azobenzene (I) to cisazobenzene (II) has been regarded as a promising reaction for the long-term storage of solar energy.20) (Scheme 1) Scheme 1 This reaction has several merits: 1) Jram'-azobenzene possesses wide absorption bands which correspond to the important region of solar radiation; 2) polymer or by-product formation by side reaction which consumesthe material does not take place during exposure to sunlight.19) The quantity of chemical energy stored per unit weight of material, however, is rather small (zl/7=41.4kJ/mol3'21)), and the fact that the photochemical equilibrium obstructs the complete conversion of^rara-azobenzene to c/s-azobenzene reduces the promise of this substance.15) Therefore, various sorts of endeavor would be required to overcome the limitation caused by the photochemical equilibrium for the realization of a heat storage system using this substance.
Secondly, an immobilized catalyst for backward exothermic reaction which has "clean and appropriate" activity should also be developed for systematization.9)
The studies hitherto carried out on the isomerization of azobenzene were restricted to theoretical ones and to those of very dilute solutions.1 '2'4"8'10'12~14'19) Even so, the precise mechanismof reaction is said to be obscure.8) Almost no investigation seems to have been published on the practical utilization of azobenzene for chemical conversion of solar energy. 15'20) The purpose of the present study is to solve such difficulties from the practical point of view for the realization of a renewable long-term heat storage system with the photoisomerization of azobenzene.
Materials and Experimental Methods
The wavelength dependency of conversion of transazobenzene to ds-azobenzene and that of cisazobenzene to £ra/is-azobenzene were studied by using a CRM-FA Spectro Irradiator (Japan Spectroscopic Co.). A cyclohexane solution of azobenzene was irradiated in a quartz cubette (10 x 10mm) in air or a vacuum-sealed quartz tube (10mm in diameter). The schematic diagram of the continuous irradiation system by circulation of^ra^-azobenzene solution is shown in Fig. 3 .
The extent of conversion was calculated from the change in absorbance of 313nm and 334nm (molar  absorption coefficients:  4^=21,100 e5S7= 17,000 gá"3=1,160 £$4=135 6^=4,330 (/ms=isosbestic point).14'16) The radiant energy of each wavelength (15nm in width by CRM-FA)was calibrated from the output of an exposed vacuum-thermocouple. Fig. 1 , the solid line shows the extent of trans-cis conversion at a fixed irradiation time sufficiently long for nearly achieving photochemical equilibrium, plotted against the wavelength of incident light. Figure 2 shows the absorption spectra of trans-and cisazobenzene in cyclohexane solution. The isomerization proceeded over a wide range of wavelengths from the ultraviolet to the visible region, though the relative extents of conversion differed markedly with wavelength. Maximum conversion was attained at 340 nm.
The broken line in Fig. 1 shows the reversing cistrans conversion with the incident light, which was determined independently of ttans-cis conversion. It can be seen that the reversing reaction was very effective dt longer wavelengths and nearly compensated the trans-cis photoisomerization.
The reason maybe that for ds-azobenzene the molar absorption coefficients of these regions are larger than those of trans-ioxm, as is seen in Fig. 2 , and the relative intensity of absorption in each wavelength should determine the extent of conversion at which photochemical equilibrium is attained.4'10) When a more concentrated cyclohexane solution of azobenzene, 0.55mol// (100g//), was used for the practical systematization, the wavelength dependency followed a pattern similar to that of the dilute solution shown in Consequently, whenthe total light from the highpressure mercury lamp or the insolation was given, the overall extent of conversion from transazobenzene to ds-azobenzene saturated at 20 to 25 percent conversion. The addition of triplet-state photosensitizers such as aromatic ketones accelerated the rate of photoisomerization considerably, but did not affect the photochemical equilibrium. Therefore, the limitation by the photochemical equilibrium must be overcome for the effective utilization of solar energy.
Several ways of overcoming the photochemical equilibrium were tried in order to obtain higher yield of trans-cis conversion. The use of cut filters made of glass, liquid {e.g. aqueous NiSO4-K2Cr2(SO4)4), or Ag mirror which let only solar radiation in the ultraviolet region pass were found to be effective for increasing the extent of conversion by solar radiation.
In the continuous circulation system of transazobenzene solution shown in Fig. 3 , some preliminary tests were carried out to raise the yield by removing the produced cw-azobenzenefor a while from the circulating liquid in a circuit. During or after irradiation ds-azobenzene was adsorbed once on an alumina column inserted in series into the system, and thus the circulating solution was maderich in transazobenzene again for irradiation. Figure 4 shows the results of such experiments in which the adsorption was performed in parallel with continuous circulation of the liquid at low speed during irradiation. It was confirmed that the circulating liquid was solely composed of trans-azobenzene during long exposure time. The curves in Fig.4 shows the changes in amount of /ra^-azobenzene remaining in solution with irradiation time, and the numberon the right side of each curve represents the percent of £ra«s-azobenzene converted to ds-azobenzene as calculated from the amount of the eluted ds-azobenzene. At 500nm, when photochemical equilibrium was attained by direct irradiation of £ra«s-azobenzene solution, less than 20 percent of the rra/w-azobenzene was converted to ds-azobenzene, while in this device more than 50 percent of the trans-azobenzene was isomerized to di'-azobenzene.
Intermittent circulation after sufficient irradiation in the stopped state was also effective and brought about similar results concerning the better yield of cisazobenzene (90% at 340nm, 53% at 500nm, respectively).
The adsorbed ds-azobenzene could be transferred again into the circulating liquid or to the storage vessel by warming the column slightly to ca. 50°C. Alternatively, any device would be usable that utilizes solvents like methanol and ethyl ether for elution.
Another way of improving the yield of photoisomerization by utilization of solvents that can selectively precipitate the ds-azobenzene formed owing to its lower solubility, was also examined but was not effective.
By the kind of method described above the photo- and P is that after grafting.
chemical equilibration can be overcome and yield of c/s-azobenzene can be raised.
Preparation of immobilized polymeric catalysts
As for the reversing exothermic reaction carried out in the heat storage system, it is most requisite for the catalyst to be fixed in the reversing reaction chamber in order to avoid contamination of the photoisomerization chamber. Table 1 shows the results of radiation-induced graft polymerization of CIMeST(mixture of m-and pisomers) onto several carriers. The PE granules or coarse powders were prepared by dissolution and precipitation in xylene followed by solvent exchange with methanol. They had large surface area (13.7m2/g) and swelled in non-polar solvents at room temperature. The y-ray irradiation of PE dipped in benzene solution of CIMeST (1 in 5 volume of benzene), as well as that ofPE exposed in the vapor of the monomer, brought about crosslinked grafted products. A large extent of grafting was attained by the former method. Table 2 shows the extents of reaction of ClMeSTgrafted polymers with various Co-porphine carbox- Metal-free porphines were found to be inactive for isomerization reaction. As cobalt was the most effective among the transition elements tested when introduced into porphines, Co-complexes were solely adopted for the reverse reaction.
It was also possible to prepare immobilized photosensitizers by the same kind of procedure with aromatic keto-carboxylic acids as the photosensitizing group. The photosensitizers immobilized on PE also seemed to be effective for trans-cis photoisomerization of /ra/is-azobenzene, and for avoiding possible contamination of reversing catalyst in the circulation system. The syntheses and their activities were reported separately.n) 2.3 Reversing exothermic reaction by immobilized c atalysts Table 3 shows the catalytic activities of porphines immobilized with various high polymeric carriers. Generally, porphines such as protoporphyrin and tetraphenylporphine were more effective than tetrazaporphines like phthalocyanine and polyphthalocyanine.
Whencompared by the amount of included catalytic group, the catalytic activities of Co-protoporphyrin and Co-phthalocyanine were remarkably elevated by fixing them on PE granules or glass fibers graft-polymerized with CIMeST, in spite of the apparently small contact surface. The molecular dispersion of active sites due to their chemical bonding on the grafted branch may assist the reaction of substrate with the center of the catalyst. In addition, the selective adsorption of substrate by swollen PE may favor the reaction. The utilization of crosslinked macrospongeas a carrier for Co-porphines also gave promising results in facilitating the passage of fluid without loss of catalytic activity.
As far as phthalocyanine and its derivatives were concerned, it was possible to prepare catalysts carried 268 on inorganic substances like glass fibers, silica gel, activated alumina, etc. for the sake of ease of preparation, and it was possible to afford an arbitrary shape on the catalyst. A typical example is shown in the last row of Table 3 . Such porphine catalytic composites, however, did not improve catalytic activity. The kinetic examination of heat release was performed by stirring the ds-azobenzene-catalyst mixture. The results are shown in Fig. 5 . The heat liberation versus time curve manifested first-order dependence on the remaining ds-azobenzene concentration in the presence of immobilized catalyst. Porphine group on PE was more active than phthalocyanine group on PE. Although the reaction proceeded heterogeneously, the assumption was made that the reaction mechanism was subjected to the classical scheme as follows:
where C, OAZ, t-AZ and c-AZ-C indicate the catalyst, m-azobenzene, Jra^-azobenzene, and the substrate-catalyst complex, respectively, and kx, k_1 and k2 represent the rate constants of the respective reaction steps.17)
The reaction rate, v, is given by the following equation:
where Vmaxand Kmpertain to the highest rate and the Michaelis constant, respectively. In Fig. 6 , the rates of cis-trans conversion are plotted against the concentration of ds-azobenzene for the case of PE-g-polyClMeST +Co-Pp as catalyst and for that of no catalyst.^=0.01 was obtained from the Lineweaver-Burk plot of the data for the catalytic isomerization, and the free energy change for 
Conclusion
Trans-cis photoisomerization of azobenzene was found to be unique process for the photochemical conversion of solar energy, because it does not need photosensitizers essentially. The low conversion of Jrafzs-azobenzene to cw-form owing to the photochemical equilibrium can be raised by means such as a selective absorption columnsystem.
High-efficiency immobilized catalysts for the reversing exothermic reaction of c/s-azobenzene tô rafts-azobenzene were prepared by fixing Coprotoporphyrin and the like on grafted polyethylene matrices. The molecular dispersion of active catalytic sites may be the cause of high activity for isomerization reaction.
As the solution of ds-azobenzene is apt to convert into that of rra^-azobenzene at high temperature, the storage tank of azobenzene solution would better be keptin a dark, cool room. By such a precaution, the long-term storage of solar energy and the repeated use of azobenzene can be achieved. The purpose of the present paper is to propose a
